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Introduction
Microorganisms, including bacteria, fungi and viruses, are 
ubiquitous in wild plant populations (MacClement & Rich-
ards, 1956; Saikkonen et al., 1998; Vidhyasekaran, 2002; Muth-
ukumar et al., 2009; Roossinck et al., 2010; Biddle et al., 2012), 
but few studies have examined the effects of microorganisms 
on wild plant populations (although see Alexander & Anto-
novics, 1988; Raybould et al., 2001; Godfree et al., 2007). Even 
though wild plants differ from crops, much of our understand-
ing of natural plant–microorganism interactions is inferred 
from investigations of microorganisms in agricultural crops. 
In agricultural crops, microorganisms can stunt plant growth, 
cause deformity, and reduce survival and yield (Walkey, 1991; 
Jarosz & Davelos, 1995; Gianessi et al., 2002). From these data, 
it is often assumed that microorganisms typically reduce plant 
fitness in wild populations. Clearly, microorganisms can have 
devastating effects in wild populations (e.g., chestnut blight: 
Anagnostakis, 1987; sudden oak death: Rizzo & Garbelotto, 
2003). However, recent work indicates that microorganisms, 
particularly viruses, are not always pathogenic (as reviewed 
by Roossinck, 2013), which highlights how little is known 
about the effects of microorganisms on wild plant fitness, pop-
ulation size, or dynamics (Cooper & Jones, 2006).
The effect of microorganisms might be more variable or 
less severe in wild populations for several reasons. First, ge-
netic diversity within an agricultural field is typically lower 
than within wild plant populations. In addition, genetic vari-
ation for resistance might vary among natural populations 
(Raybould et al., 2001). Thus, only some wild populations, 
or some individuals within a population, may be suscepti-
ble to colonizing microorganisms. In addition, average resis-
tance in wild populations might be higher than in crops be-
cause resistance to pathogens may have been lost during 
selection for other agronomic properties in commercial lines. 
Secondly, perhaps because of the genetic diversity present in 
wild populations, pathogenic microorganisms that are com-
mon in managed plants can be rare in wild systems (Zettler 
et al., 1978; Davis & Mizuki, 1987; Ullman et al., 1991; Pallett 
et al., 2002; Kawakami et al., 2007; Prendeville et al., 2012). Fi-
nally, in crops, virus infections typically cause visually appar-
ent symptoms, whereas virus infection in wild plant popula-
tions is frequently unapparent (Thurston et al., 2001; Remold, 
2002; Prendeville et al., 2012). While infections with no visible 
symptoms may still result in reduced plant fitness, such plants 
are probably able to tolerate infection better than stunted 
plants with deformed fruits.
In addition, recent work with both agricultural and wild 
plants suggests that microorganisms may have complicated 
effects on plant fitness. For example, microorganisms have 
been shown to have negative effects (Friess & Maillet, 1996; 
Malmstrom et al., 2006), no effect (Jarosz & Burdon, 1992; 
Malmstrom et al., 2005), or even positive effects on compo-
nents of plant fitness (Ferris et al., 1989; Remold, 2002; Eviner 
& Chapin, 2003; Bradley et al., 2008; Xu et al., 2008; Roossinck, 
2011). Two studies that have examined the effects of microor-
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Abstract
Microorganisms are ubiquitous and thought to regulate host populations. Although microorganisms can be pathogenic and affect components 
of fitness, few studies have examined their effects on wild plant populations. As individual traits might not contribute equally to changes in 
population growth rate, it is essential to examine the entire life cycle to determine how microorganisms affect host population dynamics. In 
this study, we used data from common garden experiments with plants from three Cucurbita pepo populations exposed to three virus treat-
ments. These data were used to parameterize a deterministic matrix model, which allowed us to estimate the effect of virus on components 
of fitness and population growth rate. Virus did not reduce fruit number, but population growth rates varied among virus treatments and wild 
C. pepo populations. The effect of virus on population growth rate depended on virus species and wild C. pepo population. Contributions of 
life-history transitions and life-history traits to population growth rates varied among populations and virus treatments. However, this popu-
lation–virus interaction was not evident when examining individual components of fitness. Thus, caution must be used when interpreting the 
effects of changes in individual traits, as single traits do not always predict population-level change accurately.
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ganisms on wild plant populations found multiple outcomes 
(i.e., microorganism extinction, plant and microorganism ex-
tinction, and coexistence; Alexander & Antonovics, 1988; God-
free et al., 2007), suggesting that plant–microorganism interac-
tions are more complex and dynamic than previously thought. 
Furthermore, some effects of microorganism infection are only 
observed in certain environments. For example, several crop 
plants are more drought-tolerant when infected with Cucum-
ber mosaic virus (CMV; Xie et al., 1994; Xu et al., 2008), suggest-
ing that the cost or benefit of virus infection might vary with 
water availability. If the effects of microorganisms on yield or 
fitness frequently depend on environmental context, it might 
not be surprising that the effects of microorganisms often ap-
pear idiosyncratic.
Another reason the effects of microorganisms might appear 
variable is that most studies have only examined these effects 
on components of fitness, such as survival, growth or fecun-
dity (Maskell et al., 1999; Kollmann et al., 2007; Bradley et al., 
2008; van Mölken & Stuefer, 2011). Then, on the basis of re-
duced survival or offspring production, authors conclude that 
microorganisms regulate the size or dynamics of host popula-
tions (Milligan & Cosper, 1994; Thrall & Burdon, 1997; but see 
Holmes, 1982). However, this conclusion could be incorrect. 
For example, plant populations are not always limited by seed 
production (Bergelson, 1994; Alexander & Mihail, 2000), sug-
gesting that microorganisms that reduce fecundity might have 
little effect on population size.
Thus, when evaluating the effects of microorganisms on 
population size or dynamics, the entire life cycle must be con-
sidered. Without prior knowledge, it is not always clear which 
life-history traits (i.e., seed dormancy, germination timing, 
survival, or seed production) have the largest effects on popu-
lation growth rate (Caswell, 1996). In addition, abiotic and bi-
otic factors, such as drought or microorganisms, may vary in 
their effects on different life-history characters, and thus scale 
differently to population size or growth rate. One method 
of integrating across the life history is to use matrix models, 
which link the entire life history to population growth and dy-
namics (Caswell, 1989, 2001).
In the work presented here, we examine the effects of two 
virus species on fecundity and population growth rate in three 
populations of wild squash, Cucurbita pepo. We used data from 
a common garden experiment to determine if virus inocula-
tion affects fecundity, and parameterize deterministic matrix 
models to evaluate the effect of virus on population growth 
rate in wild C. pepo. These results allowed us to determine 
whether changes in fecundity predicted changes in population 
growth rate. Next, we used life table response experiments 
(LTREs) to determine if the contributions of either life-history 
transitions or life-history traits to population growth rate var-
ied among populations or among virus treatments.
Materials and Methods
Study system
Wild squash (Cucurbita pepo L. var. ozarkana D. Decker and Cu-
curbita pepo L. var. texana (Scheele) D. Decker) is found in cen-
tral and southwestern USA and throughout Mexico. This an-
nual herbaceous vine grows in floodplains, disturbed areas, 
agricultural fields, and roadside ditches. As wild C. pepo is a 
disturbance specialist, population growth rates are extremely 
variable and populations go through boom-and-bust cycles 
(see supporting information following the references: Notes 
S1, fig. S1a,b). Wild C. pepo is monoecious and requires insect-
mediated pollination for reproduction. Flower production oc-
curs over several weeks; however, individual flowers last for 
< 1 d, opening at dawn and closing around noon. Plants pro-
duce buoyant gourds (hard-shelled fruits), which are some-
times dispersed by water (Wilson, 1993). Seeds can remain vi-
able within gourds for > 1 yr, a stage referred to as the gourd 
bank. However, gourds must open before seeds can germi-
nate. Seeds can remain viable within the soil for multiple 
years, a stage referred to as the seedbank. Germination starts 
in spring, seedlings establish, and then 4–8 wk later flowering 
begins. Flower and gourd production can continue until either 
the first frost or severe drought.
We collected gourds from three populations growing in 
different habitats in Mississippi, near the towns of Onward, 
Vaiden, and Eagle Lake (hereafter referred to as Eagle). On-
ward is 24 km north of Eagle and 130 km southwest of Vaiden. 
The Onward population (C. pepo ssp. texana) grows adjacent 
to a road, so plants experience disturbance and road runoff. 
In the Vaiden population, wild C. pepo ssp. texana grows in an 
abandoned pasture near an ephemeral creek and in competi-
tion with grasses. The Eagle population grows in an agricul-
tural field in which peanuts (and occasionally corn) are usu-
ally grown. In comparison to the other two populations, wild 
C. pepo ssp. ozarkana from the Eagle population germinates 
later and grows larger before reproduction (H. R. Prendeville, 
pers. obs.).
Wild C. pepo is susceptible to virus, and virus prevalence 
varies among populations, years, and virus species (Prendev-
ille et al., 2012). Prevalence ranges from 0% to 100%, with a 
median infection rate of 25% (Quemada et al., 2008; Prendev-
ille et al., 2012). In 80% of virus infections, wild C. pepo did 
not develop any visually apparent symptoms (Prendeville et 
al., 2012). Viruses that infect wild C. pepo include Zucchini yel-
low mosaic virus (ZYMV, Potyviridae) and Cucumber mosaic vi-
rus (CMV, Bromoviridae; Provvidenti et al., 1978; Fuchs & 
Gonsalves, 1999). The host range of ZYMV is moderate (c. 10 
host plant families), and ZYMV infects mostly cucurbits. Con-
versely, the host range of CMV is very broad (at least 85 plant 
families; reviewed by Palukaitis et al., 1992). Aphids non-
persistently transmit both ZYMV and CMV. Virus infection 
can drastically reduce yield in cultivated squash by stunting 
growth; causing malformation of leaves, flowers, and fruits; 
reducing fruit production; and occasionally causing death 
(Walkey, 1991; Fuchs & Gonsalves, 1995; Gianessi et al., 2002). 
In wild C. pepo, viruses can reduce flower, fruit, and seed pro-
duction as well as plant biomass (Fuchs et al., 2004; Laugh-
lin et al., 2009). However, it is not known if reduced fruit and 
seed number leads to reduced population growth rate.
Demographic model
We constructed stage-structured matrix models (Lefkov-
itch models) that considered the following life-history stages: 
adult flowering plants (A), gourds containing viable seeds on 
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or in the soil (gourd bank, G), and dormant seeds on or in the 
soil (seedbank, S; fig. 1a,b). Using this deterministic matrix 
model, we estimated the population growth rate, λ, which is 
the dominant eigenvalue of the matrix (fig. 1b). We used an 
annual time step, as C. pepo is an annual species, and repre-
sented reproduction as a birth-pulse process, because within a 
year gourds are produced only from summer to fall (Caswell, 
2001). A population census was carried out in the summer af-
ter plants had flowered, but before gourds were produced 
(a prebreeding census). Following the population census, 
adults produced gourds that entered the gourd bank (A to G), 
opened and released seeds that entered the seedbank (A to S), 
or opened and released seeds that germinated and survived to 
flower (A to A). Gourds present in one census remained in the 
gourd bank at the next census (G to G), opened and released 
seeds to the seedbank (G to S), or opened and released seeds 
that germinated and survived to flower (G to A). Finally, seeds 
present in one census remained in the seedbank (S to S) at the 
next census or germinated and survived to flower (S to A).
Each of these demographic transitions is the product of one 
or more life-history characters (lower-level parameters; fig. 
1a–c). Following the population census, flowering adults (A) 
produce g gourds; these gourds avoid rodent consumption 
with probability r. These < 1-yr-old gourds open with proba-
bility o0 and release s seeds per gourd, or remain in the gourd 
bank with probability 1 – o0. Released seeds are dormant and 
enter the seedbank with a probability d, or germinate with a 
probability b0. Seeds that germinate survive to flower with 
probability f. Gourds in the gourd bank (G) survive to the next 
year with probability v and avoid rodent herbivory with prob-
ability r. These gourds, which are > 1 yr old, open with prob-
ability o1, or remain in the gourd bank with probability 1 – o1. 
Older gourds that open release s seeds per gourd, of which a 
proportion a remain viable. Viable seeds (> 1 yr old) enter the 
seedbank with probability d or germinate with probability b1. 
Seeds that germinate survive to flower with probability f. Fi-
nally, seeds in the seedbank (> 1 yr old; S) remain dormant 
with probability d, or germinate with probability b1 and then 
survive to flower with probability f. We performed field exper-
iments in order to estimate each life-history trait contributing 
to each of these demographic transitions.
Model parameterization: germination, survival, gourd 
production, and seed production
On 28 March 2007, we planted a common garden experiment 
at the Delta Conservation Demonstration Center in Metcalfe, 
Mississippi using seeds collected from naturally growing 
plants with unknown virus status. Although seed transmis-
sion of ZYMV and CMV is rare (Lecoq et al., 1998; Simmons 
et al., 2011), maternal effects resulting from virus infection 
may affect offspring traits (Roberts, 1983; Shattuck, 1993). We 
mixed seeds collected within a population to randomly dis-
tribute potential maternal effects among virus treatments. Us-
ing a randomized block design, we planted seeds from three 
Mississippi populations (Onward, Eagle, and Vaiden) and 
three virus treatments (inoculated with ZYMV or CMV, or 
uninoculated). In each of 24 spatial blocks, each population 
× virus inoculation treatment (ZYMV, CMV) was replicated 
once, but each population × uninoculated treatment was rep-
licated twice. Thus, each block consisted of 12 planting loca-
tions for a total of 288 planting locations and each planting lo-
cation was separated by 6 m. Experimental plants experienced 
competition from other species present in the field. At each 
planting location, four seeds were sown from one of the three 
populations (Onward, Eagle, or Vaiden). If multiple seeds ger-
minated at a location, seedlings were either transplanted to 
locations with no germination or thinned to one plant. Since 
germination and seedling establishment rates were low, some 
planting locations were unoccupied by a plant, resulting in an 
incomplete block design.
The timing of natural virus infection is not known in wild 
populations. However, in cultivated squash and other crops in 
the southeastern US, aphids and subsequent virus infections 
Figure 1. Life-history parameters used in the deterministic matrix model 
to project population growth of wild Cucurbita pepo. (a) Life-history dia-
gram of wild C. pepo with arrows indicating life-history transitions within 
and between stages: adult plants (A), gourd bank (G), and seedbank (S). 
(b) Transition matrix for wild C. pepo with life-history parameters multi-
plied to calculate each matrix element. (c) Symbols of life-history param-
eters defined.
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are common in summer and fall (Chalfant et al., 1977; Wosula 
et al., 2013). For this reason, we inoculated when plants were 
established (c. 75 leaves on average) in July. Virus inoculation 
occurred by rubbing two to three new leaves with c. 1 ml of 
phosphate buffer with celite and homogenized squash leaf tis-
sue infected with either CMV (10 July) or ZYMV (14–15 July). 
Virus inocula were provided by Rosario Provvidenti’s labora-
tory at Cornell University and individually maintained on cu-
curbit crops.
The common garden was managed to ensure plant per-
sistence and to limit virus spread. In May 2007, precipitation 
was below normal. To simulate normal precipitation and to 
improve seedling establishment and survival, we flood irri-
gated the field once in June. Precipitation increased later in the 
growing season, but remained below the long-term average 
for the area (National Climatic Data Center, 2009). On 28–31 
May and 31 July, we sprayed plants with Sevin (Bayer Crop-
Science, Research Triangle Park, North Carolina, USA) to limit 
aphid populations and virus spread. The impact of the pes-
ticide on pollinators was limited by spraying in the evening 
when pollinators were not active. Also, wild C. pepo flowers 
are only open in the morning of a single day; thus, pesticide 
was not applied to surfaces with which pollinators are fre-
quently in contact. Finally, rows between plants were mowed 
to provide access to experimental plants.
We monitored each planting location (n = 96 locations per 
population; four seeds per location) daily to estimate the ger-
mination rate of seeds < 1 yr old (b0; fig. 1a,b, table 1). We 
used a generalized linear model with a Gaussian error dis-
tribution to analyze the effect of population on b0, which was 
arcsine-transformed before analysis. Following transplant-
ing to locations without seedlings, or thinning, seedlings 
were monitored daily for survival to flowering ( f ). We used 
a generalized linear model with a binomial error distribution 
to analyze the effect of population on f. Parameters b0 and f, 
as well those described later, were estimated as least-square 
means derived from generalized linear models (back-trans-
formed when appropriate) using the glm package in R soft-
ware version 2.15.1 (R Development Core Team, 2012). Ger-
mination was estimated from seeds that had been collected 
from plants with unknown virus status, and some plants 
flowered before the virus treatments were applied. For these 
reasons, b0 and f were estimated for each population, but not 
for each virus treatment. Thus, to the extent that germination 
and survival to flowering are influenced by virus infection, 
our model underestimates the effect of virus on population 
growth rate.
In November, following plant death, gourds were col-
lected and brought to the laboratory. From these data, we es-
timated g, the number of gourds with viable (i.e., filled) seeds 
per plant, and s, the average number of viable seeds per 
gourd. In nature, gourds can be buried, relocated to unsuit-
able habitats after flood dispersal, or consumed by mammals, 
particularly rodents (H. R. Prendeville, pers. obs.). Thus, in 
nature the numbers of gourds and seeds that contribute to 
future population growth are probably lower than estimates 
from this common garden experiment. However, these over-
estimates were probably similar across all populations and 
virus treatments.
We used generalized linear models to analyze the effect of 
virus treatment, population, and the virus × population inter-
action on gourd number per plant (g) and average seed num-
ber per gourd (s). Gourd number and seeds per gourd were 
log-transformed to meet the assumptions of normality. In 
these analyses, we treated virus treatment, population, and the 
virus × population interaction as fixed effects (PROC GLIM-
MIX, SAS 9.3 for Windows; SAS, 2010). The average number 
of seeds per gourd differed among populations; thus we con-
ducted post hoc comparisons of virus treatments with a Tukey–
Kramer adjustment for multiple comparisons.
Model parameterization: seed and gourd survival and 
dormancy
To assay gourd opening and loss rates, we placed gourds that 
had been produced the previous fall and collected from plants 
with unknown virus status on the ground next to the common 
garden experiment. Using a dome of chicken wire, we indi-
vidually caged 15 gourds per population (Vaiden and Eagle) 
in February 2006, and 15–20 additional gourds per popula-
tion (Vaiden, Eagle, and Onward) in March 2007. Cages were 
tacked to the ground with wire stakes. During the 2006 and 
2007 growing seasons, we monitored gourd integrity on a 
weekly basis, which allowed us to estimate the proportion of 
gourds that opened within 1 yr (o0) for both cohorts, the pro-
portion of gourds that opened in > 1 yr (o1) for the 2006 cohort, 
and the probability that a gourd > 1 yr old is viable (v). In this 
experiment, rodents consumed gourds and these data were 
used to estimate the probability that a gourd avoids rodent 
herbivory (r). Because we had a limited number of gourds, 
we were not able to determine if gourd dormancy traits vary 
among populations. For this reason, we pooled data across 
populations. We used a generalized linear model with a bino-
mial error distribution to estimate o0, o1, v, and r. Once a gourd 
opened, all seeds were collected and stained with tetrazolium 
to assess seed viability, a. In addition, gourds that were still 
intact in April 2008 were opened manually and seeds were 
tested for viability. Following arcsine transformation, we 
used a generalized linear model with a Gaussian error distri-
bution to estimate a, the proportion of seeds in gourds > 1 yr 
old that remain viable. Although o1, v, and a probably decline 
with time, in our model we assumed that these parameters are 
constant.
To assess seed dormancy, we buried 20 open-topped mesh 
baskets (20 cm × 20 cm × 10 cm deep) for each population and 
planting time (February 2006: Eagle, Vaiden; March 2007: Ea-
gle, Vaiden, Onward). In each basket, 50 seeds (produced the 
previous season) were buried c. 1 cm deep. To prevent seeds 
from dispersing outside of the basket, the open top of each 
basket was c. 0.5 cm higher than the soil surface. During the 
growing seasons in 2006 and 2007, we monitored germination 
on a weekly basis. Following germination, seedlings were cut 
at the stem to limit soil disturbance. In August 2006, we ran-
domly collected four baskets per population that had been 
buried in February 2006 to estimate seed viability. As all of 
these seeds were viable, we did not repeat this procedure with 
baskets buried in 2007. Data from the remaining seed baskets 
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were used to estimate the germination rate of seeds > 1 yr old, 
b1. In May 2007, following germination, we randomly collected 
four baskets per population from the 2006 cohort. The remain-
ing baskets (buried in 2006 and 2007) were collected in late 
winter and early spring of 2008 (Eagle, N = 11, 17; Vaiden, N = 
9, 17; and Onward, N = n/a, 11; animals destroyed some bas-
kets so not all were recovered). Seeds were sieved from the soil 
and stained with tetrazolium to assay seed viability; these data 
allowed us to estimate the probability, d, that seeds > 1 yr old 
remain viable but dormant. Using a generalized linear model 
with a Gaussian error distribution, we analyzed the effect of 
population on b1 and d following arcsine transformation.
In nature, estimating seed survival and dormancy is dif-
ficult because many seeds are lost before entering the soil 
through predispersal seed predation and by dispersing to sites 
inappropriate for germination and establishment. Thus, our 
experiment probably overestimated seed survival; however, 
these overestimates were probably similar across populations.
Analysis of demographic model
Virus effects on λ. To examine the effect of virus treatment 
(CMV-inoculated, ZYMV-inoculated, uninoculated) on pop-
ulation growth rate, we parameterized stage-structured ma-
trix models to calculate population growth rate for each virus 
treatment and population (Onward, Eagle, Vaiden) combi-
nation (tables 1, S1). To evaluate differences in population 
growth rate, λ, between virus treatments within each popula-
tion, we used randomization tests (Sokal & Rohlf, 1995; Cas-
well, 2001; detailed methods in Notes S2).
Table 1. Estimates of life-history parameters (symbols defined in fig. 1c) used to estimate each element in the deterministic matrix model to 
project population growth of wild Cucurbita pepo from three populations (Onward, Eagle, and Vaiden) with three virus treatments (No, unin-
oculated; CMV, inoculated with Cucumber mosaic virus; ZYMV, inoculated with Zucchini yellow mosaic virus)
Life-history symbol Population Population effect Virus Virus effect Population × virus Parameter value SE
g Onward ns None ns ns 6.49 1.37, 1.73
   CMV   4.75 1.28, 1.75
   ZYMV   4.12 1.16, 1.61
 Eagle  None   4.53 1.09, 1.43
   CMV   3.59 0.99, 1.36
   ZYMV   4.81 1.39, 1.95
 Vaiden  None   7.31 2.05, 2.86
   CMV   4.28 1.18, 1.62
   ZYMV   11.04 3.18, 4.46
s Onward *** None ns ns 105.11 10.79, 12.03
   CMV   83.92 10.71, 12.28
   ZYMV   95.11 13.75, 16.07
 Eagle  None   120.87 15.43, 17.68
   CMV   101.18 15.80, 18.72
   ZYMV   119.45 17.92, 21.08
 Vaiden  None   60.65 8.47, 9.85
   CMV   54.89 7.43, 8.59
   ZYMV   63.17 8.82, 10.26
d Onward *  na na 0.16 0.062, 0.074
 Eagle     0.09 0.29, 0.034
 Vaiden     0.009 0.011, 0.014
b0 Onward ***  na na 0.13 0.024, 0.026
 Eagle     0.05 0.015, 0.018
 Vaiden     0.20 0.030, 0.059
f Onward **  na na 0.77 0.04
 Eagle     0.56 0.05
 Vaiden     0.65 0.05
o0  ns  na na 0.09 0.06
o1  ns  na na 0.20 0.07
r  ns  na na 0.48 0.05
b1  ns  na na 0.29 0.10, 0.12
v  ns  na na 0.43 0.10
a  ns  na na 0.13 0.061, 0.078
For each parameter estimate, the statistically significant effects of population, virus, or the population × virus interaction are indicated by: *, P < 0.05; **, P < 
0.01; ***, P ≤ 0.007; ns, P > 0.05; na, not analyzed. Parameter estimates are least-square means from generalized linear models with appropriate error distribu-
tions. When data were transformed before analysis, we present back-transformed least-square means and standard errors; since these standard errors are not 
symmetric, both errors are presented. g, average number of gourds per plant; s, average number of seeds per gourd; d, probability seeds are dormant; b0, prob-
ability seeds less than 1 year old germinate; f, probability seedlings survive to flower; o0, probability gourds less than 1 year old open; o1, probability gourds 
more than 1 year old open; r, probability gourds are not consumed by rodents; b1, probability seeds more than 1 year old germinate; v, probability gourd more 
than 1 year old is viable; a, proportion of seeds more than 1 year old that are viable.
E f f E c t s  o f  v i r u s  o n  p l a n t  f E c u n d i t y  a n d  p o p u l a t i o n  d y n a m i c s   1351
Contributions to observed differences in λ among virus-in-
oculated treatments compared with uninoculated plants 
within each population. We conducted LTREs to quantify the 
contribution of each life-history transition and life-history trait 
(lower-level parameter) to observed differences in population 
growth rate among virus treatments within a population (Cas-
well, 1996, 2001; Levin et al., 1996). Contributions of each life-
history transition and life-history trait were determined by 
comparing the population matrix of a virus treatment in a par-
ticular population to the population matrix associated with 
uninoculated plants from the same population (detailed meth-
ods in Notes S2).
Additional retrospective and prospective analyses were 
conducted with detailed methods and results presented in 
the Notes S2. We conducted additional LTREs to determine 
the contributions of life-history traits to observed differences 
in population growth rate among populations and virus treat-
ments by comparing each population-virus combination with 
an overall mean of uninoculated plants. We also conducted 
elasticity and sensitivity analyses to examine the effects of 
changes in life-history transitions and life-history traits on fu-
ture population growth rate (de Kroon et al., 1986). All calcu-
lations and analyses of population growth rates were com-
pleted using R software version 2.15.1 (R Development Core 
Team, 2012).
Results
Gourd and seed production (common garden experiment)
The average number of gourds per plant did not vary among 
virus treatments (F2,163 = 1.15, P = 0.320) or among popula-
tions (F2,163 = 0.72, P = 0.486; table 1). In addition, the effect 
of virus treatment on the average number of gourds per plant 
did not vary among populations (virus × population inter-
action: F4,163 = 0.66, P = 0.618; table 1). Similarly, the average 
number of seeds per gourd did not differ among virus treat-
ments (F2,131 = 1.14, P = 0.323; table 1) and the effect of virus 
treatment did not vary among populations (virus × popula-
tion: F4,131 = 0.08, P = 0.987). However, the average number of 
seeds per gourd differed among populations (F2,131 = 14.6, P 
< 0.0001; table 1). Post hoc comparisons indicated that fewer 
seeds per gourd were produced from Vaiden plants (59.3 
seeds per gourd) than either Onward (94.3 seeds per gourd; 
F1,131 = 15.86, P = 0.0001) or Eagle (113.3 seeds per gourd; F1,131 
= 26.75, P < 0.0001) plants. The number of seeds per gourd did 
not differ between the Onward and Eagle populations (F1,131 = 
2.36, P = 0.127).
Population growth rates
Population growth rates of wild C. pepo varied among pop-
ulations and virus treatments (fig. 2a–c; table S2a,b). Plants 
from the Eagle population had lower population growth 
rates than plants from either the Onward or Vaiden popula-
tions, which did not differ from one another (table S2a). In 
the Onward population, inoculation with CMV and ZYMV 
reduced the population growth rate relative to uninoculated 
plants, but differences were not statistically significant (P 
= 0.244, P = 1.00, respectively; fig. 2a). In the Eagle popula-
tion, virus had no effect on population growth rate (fig. 2b, 
table S2b). In the Vaiden population, population growth rate 
was reduced in CMV-inoculated plants relative to ZYMV-in-
oculated plants (P = 0.008) and was not significantly differ-
ent from uninoculated plants (P = 0.126). In Vaiden, the λ of 
ZYMV-inoculated plants was greater than that of uninocu-
lated plants (P = 0.062, fig. 2c).
Contributions to observed differences in λ among virus-
inoculated treatments compared with uninoculated plants 
within each population
Effect of virus infection on life-history transitions. In com-
parison to uninoculated plants across all populations, in-
oculation with CMV and ZYMV had the greatest effect on 
contributions from adult-to-adult transition (fig. 2d–f). The 
reduction in population growth rate of plants from the On-
ward and Eagle populations inoculated with CMV or ZYMV 
was a result of lower contributions from the adult-to-adult, 
adult-to-seedbank, and adult-to-gourd bank transitions, in 
comparison to uninoculated plants (fig. 2d,e). In Vaiden the 
reduction in the population growth rate caused by CMV in-
oculation and the increase caused by ZYMV inoculation is 
mainly the result of contributions of the adult-to-adult tran-
sition (fig. 2f).
Effect of virus infection on life-history traits. The number 
of gourds per plant (g) and seeds per gourd (s) both contrib-
uted to differences in λ between CMV-inoculated and unin-
oculated plants, and between ZYMV-inoculated and unin-
oculated plants (fig. 2g–i). In Onward, both the number of 
gourds per plant (g) and the number of seeds per gourd (s) 
contributed to reduced population growth rate in CMV- and 
ZYMV-inoculated plants, although the magnitude of these 
contributions differed between the viruses (fig. 2g). In Eagle, 
inoculation with CMV reduced contributions of both the num-
ber of gourds (g) and seeds per gourd (s), whereas inoculation 
with ZYMV led to a minor increase in contributions from the 
number of gourds per plant (g; fig. 2h). In Vaiden, gourds per 
plant (g) and, to a lesser extent, seeds per gourd (s) contrib-
uted to a reduced population growth rate in CMV-inoculated 
plants and increased the population growth rate in ZYMV-in-
oculated plants (fig. 2i). Our experimental design does not al-
low us to evaluate the contributions of other life-history traits. 
Additional LTREs comparing each population-virus combi-
nation with an overall mean of uninoculated plants found 
that virus, population, and the interaction of these factors af-
fected the contribution of many life-history traits to popula-
tion growth rate (Notes S2, fig. S2a–c).
The stable stage structure differs among populations 
(Notes S2, fig. S3). At the stable age distribution, the Vaiden 
population contains very few seeds, which is probably the re-
sult of high germination and low dormancy in this population. 
Inoculation with virus had very little effect on the stable age 
distribution (fig. S3). Sensitivity and elasticity analyses indi-
cated that populations and virus treatments differed in terms 
of which demographic transitions and life-history traits most 
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affected future population growth rate (Notes S2, figs. S4–S7). 
In general, sensitivities involving the adult stage were greater 
than those that did not include the adult stage, and the pat-
terns of sensitivities across demographic transitions were simi-
lar in Onward and Eagle, which differed from Vaiden.
Discussion
The effect of virus inoculation on population growth rate in 
wild C. pepo depends on both virus species and plant popula-
tion. ZYMV inoculation reduced the population growth rate 
in Onward, had no effect in Eagle, and increased the popula-
tion growth rate in Vaiden. CMV inoculation reduced the pop-
ulation growth rate in Onward and Vaiden, but had no effect 
in Eagle. We observed these effects on population growth rate 
even though virus infection did not significantly reduce fecun-
dity (gourds per plant, seeds per gourd) in our common garden 
experiment. Thus, multiple small changes in life-history traits 
together contributed to significant population-level effects.
The effect of virus on population growth rate may vary 
among populations because these populations have historically 
experienced different frequencies of virus infection. If popu-
lations are regularly exposed to viruses, tolerance to infection 
may evolve (Pagán et al., 2008). For example, if the Vaiden and 
Eagle populations have historically been exposed to ZYMV, 
then these populations may have evolved tolerance to this vi-
rus, and such past exposure could explain why population 
growth rate is not reduced when plants from Vaiden and Ea-
gle are inoculated with ZYMV. By contrast, CMV reduces the 
population growth rate in Onward and Vaiden, suggesting that 
past exposure to CMV in these populations has not been fre-
quent enough (or genetic variation is not present) to allow the 
evolution of tolerance to CMV. These hypotheses are difficult to 
evaluate without more complete information about the history 
of the virus in these populations. However, we do know that vi-
rus pressure varies among these populations and that some vi-
ruses are more common than others (Prendeville et al., 2012).
In the absence of virus inoculation, population growth 
rate also varied among wild C. pepo populations. The pop-
Figure 2. Population growth rates (λ) of 
wild Cucurbita pepo from three popu-
lations (a, Onward; b, Eagle; c, Vaiden) 
subjected to three virus treatments: No, 
uninoculated plants; CMV, plants inocu-
lated with Cucumber mosaic virus; and 
ZYMV, plants inoculated with Zucchini 
yellow mosaic virus. Different letters in-
dicate significant differences between 
virus treatments within a population as 
estimated by randomization tests (P-
values in table S2). Life table response 
experiments quantify the contribution 
of each life-history transition (d– f) and 
life-history traits (g–i) to observed dif-
ferences in population growth rate be-
tween a virus inoculation treatment 
and uninoculated plants within each 
population. A, adult plants; G, gourd 
bank; S, seedbank; g, average number 
of gourds per plant; s, average number 
of seeds per gourd; light green speckled 
bars, CMV; yellow speckled bars, ZYMV.
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ulation growth rate of the Eagle population was lower than 
that of the Onward and Vaiden populations, which did not 
differ from each other. However, in the absence of virus in-
oculation, differences in fecundity among populations did 
not predict differences in the population growth rate. For in-
stance, fecundity and the population growth rate were great-
est in the Onward population, whereas in the Eagle popula-
tion fecundity was relatively high (i.e., ranked second), but 
the population growth rate was the lowest, and in the Vaiden 
population fecundity was the lowest, but the population 
growth rate was greater than the Eagle population. Thus, the 
contributions of other life-history traits in conjunction with 
fecundity are required to predict population growth rate. In 
the Eagle population, germination of new seeds and survival 
to flowering were both low, and these traits both reduced 
the population growth rate. By contrast, in the Vaiden pop-
ulation, high germination of new seeds and relatively high 
survival contributed to high population growth rate, even 
though these plants had lower fecundity. These results illus-
trate the importance of examining the entire life cycle when 
evaluating differences in population-level characteristics.
Individual demographic transitions and life-history traits 
did not always predict population growth rate. Our results 
are thus consistent with other studies that have shown that 
life-history traits, particularly fecundity, do not always scale 
up to affect populations (Bergelson, 1994; Alexander & Mi-
hail, 2000; Kolb, 2011). Furthermore, LTREs indicated that 
contributions of fecundity to population growth rate differed 
by virus treatment. Clearly, using an individual component 
of fitness to infer the effect of a factor (e.g., virus infection, 
population identity) on population growth may be inappro-
priate (Caswell, 1989). For instance, gourd production is fre-
quently used to infer population- level effects in studies of C. 
pepo (Laughlin et al., 2009; Sasu et al., 2009). However, in the 
work presented here, population growth rate, but not gourd 
production, differed among viruses and populations. Thus, 
predictions based on gourd production alone would have 
been incorrect.
In contrast to our study, in which virus inoculation caused 
a (nonsignificant) reduction in fecundity of 27–37%, other 
studies of wild C. pepo have found that virus infection can re-
duce fecundity up to 80–100% (Fuchs et al., 2004; Laughlin et 
al., 2009). However, in these studies, plants were infected at a 
much smaller size. For instance, Laughlin et al. (2009) inocu-
lated plants with four leaves or fewer and before transplant-
ing into field, whereas we inoculated well-established plants 
with c. 75 leaves. In other species, the timing of virus infec-
tion in relation to plant development is known to mediate 
the effect of virus on plant populations. In particular, plants 
are more severely affected by virus if infected at a small size 
(Pagán et al., 2007). In agricultural crops, it is clear that the 
timing of virus infection varies from year to year (Rowell et 
al., 1999), and it is likely that the timing of infection varies in 
wild populations as well. Thus, the consequences of virus in-
fection for individual fitness and population growth proba-
bly vary over time.
In a broader context, results from this work along with 
others (Godfree et al., 2007; Biddle et al., 2012) inform predic-
tions on the effects of novel traits, such as transgenes, on wild 
populations. One ecological risk associated with the use of 
transgenic crops is the introgression of transgenes into wild 
populations. Because it is known that novel traits acquired 
through hybridization can affect range expansion or com-
petitive ability in invasive species (Ellstrand & Schierenbeck, 
2000), there is concern that transgenic traits that introgress 
from crops into wild populations will allow weedy plants 
to become more invasive (Pilson & Prendeville, 2004). In the 
US, squash (also C. pepo) with transgenic virus resistance was 
released for commercial production in 1994 (USDA/APHIS, 
1994). Commercial squash is grown within the native range 
of wild C. pepo (Wilson, 1993) and nontransgenic crop al-
leles have been detected in wild populations (Decker, 1988; 
Wilson, 1990, 1993; Decker-Walters et al., 2002). Thus, trans-
genic virus resistance may introgress into wild populations 
in the future. If virus infection is common (Prendeville et al., 
2012), and if wild populations are frequently limited by vi-
rus, transgenic virus resistance may allow wild populations 
to grow more rapidly. Our results suggest that CMV resis-
tance would be beneficial to wild populations, while the ben-
efit of ZYMV resistance would depend on the population. 
Conversely, indirect costs of transgenic resistance (Sasu et 
al., 2009) or pleiotropic effects of the transgene (Prendeville 
& Pilson, 2009) could slow introgression of transgenic resis-
tance. Evaluating the potential consequences of transgenic 
resistance in wild populations is difficult, and minimally re-
quires examining population-level effects of virus infection 
(as we have presented here), identifying any direct or indi-
rect costs of transgenic resistance, and surveying wild popu-
lations for virus prevalence.
The work presented here adds to the growing body of ev-
idence that virus infection is not consistently detrimental to 
plants (Godfree et al., 2007; Pagán et al., 2008; Xu et al., 2008; 
Roossnick, 2012). By examining the entire life cycle of wild 
C. pepo, we found that the plant traits affected by virus in-
oculation varied among populations and between virus spe-
cies. Furthermore, these idiosyncratic effects on the popu-
lation growth rate would not have been apparent if we had 
quantified only plant fecundity. Whether viruses, bacteria, 
and fungi living on plants typically have such idiosyncratic 
effects on plant populations is an open question. However, it 
is clear that when evaluating the potential ecological risks as-
sociated with transgenes moving from crops into wild popu-
lations, it is necessary to quantify effects through the entire 
life cycle.
Acknowledgments – We appreciate the expertise of the staff 
of the Delta Conservation and Demonstration Center and the 
ability to use their land and equipment. A. Baldwin, W. Blay-
lock, E. Berryman, H. Boone, C. Davis, R. Stout Evans, A. Fire-
stone, V. Fyke, S. R. Liddy, B. Miller, T. J. Morris, A. Stead-
man, C. Weathers, X. Ye, and many others helped in the field 
and the laboratory. Members of the Galloway laboratory at the 
University of Virginia provided comments that improved the 
manuscript. This work was funded by USDA-BRAG #05-03806 
to D.P. and T. Jack Morris, University of Nebraska (UNL) SBS 
Special Funds to H.R.P., and a US-Department of Education 
GAANN (#P200A040126 to UNL) fellowship to H.R.P.
1354 p r E n d E v i l l E ,  t E n h u m b E r g ,  a n d  p i l s o n ,  N e w  P h y t o l o g i s t  202 :4  (2014 ) 
References
Alexander, HM, and Antonovics, J. 1988. Disease spread and popu-
lation dynamics of anther-smut infection of Silene alba caused by 
the fungus Ustilago violacea. Journal of Ecology 76: 91–104.
Alexander, HM, and Mihail, JD. 2000. Seedling disease in an annual 
legume: Consequences for seedling mortality, plant size, and 
population seed production. Oecologia 122: 346–353.
Anagnostakis, S. 1987. Chestnut blight: The classical problem of an 
introduced pathogen. Mycologia 79: 23–37.
Bergelson, J. 1994. Changes in fecundity do not predict invasiveness: 
A model study of transgenic plants. Ecology 75: 249–252.
Biddle, JM, Linde, C, and Godfree, RC. 2012. Co-infection patterns 
and geographic distribution of a complex pathosystem targeted 
by pathogen-resistant plants. Ecological Applications 22: 35–52.
Bradley, DJ, Gilbert, GS, and Martiny, JBH. 2008. Pathogens pro-
mote plant diversity through a compensatory response. Ecology 
Letters 11: 461–469.
Caswell, H. 1989. Matrix population models. Sunderland, MA, USA: 
Sinauer Associates Inc.
Caswell, H. 1996. Analysis of life table response experiments II. Al-
ternative parameterizations for size- and stage-structured mod-
els. Ecological Modelling 88: 73–82.
Caswell, H. 2001. Matrix population models: Construction, analysis, and 
interpretation, 2nd ed. Sunderland, MA, USA: Sinauer Associates 
Inc.
Chalfant, RB, Jaworski, CA, Johnson, AW, and Sumner, DR. 1977. 
Reflective film mulches, millet barriers, and pesticides: Effects of 
Watermelon mosaic virus, insects, nematodes, soil-borne fungi, 
and yield yellow summer squash. Journal of the American Society 
of Horticultural Science 102: 11–15.
Cooper, JI, and Jones, RAC. 2006. Wild plants and viruses: Under-
investigated ecosystems. Advances in Virus Research 67: 1–47.
Davis, R, and Mizuki, MK. 1987. Detection of cucurbit viruses in 
New Jersey. Plant Disease 71: 40–44.
Decker, DS. 1988. Origin(s), evolution, and systematics of Cucurbita 
pepo (Cucurbitaceae). Economic Botany 42: 4–15.
Decker-Walters, DS, Staub, JE, Chung, SM, Nakata, E, and Que-
mada, HD. 2002. Diversity in free-living populations of Cucur-
bita pepo (Cucurbitaceae) as assessed by random amplified poly-
morphic DNA. Systematic Botany 27: 19–28.
Ellstrand, NC, and Schierenbeck, KA. 2000. Hybridization as a stim-
ulus for the evolution of invasiveness in plants? Proceedings of 
the National Academy of Sciences, USA 97: 7043–7050.
Eviner, VT, and Chapin, FS, III. 2003. Gopher-plant-fungal inter-
actions affect establishment of an invasive grass. Ecology 84: 
120–128.
Ferris, MA, Castello, JD, and Sinclair, WA. 1989. Effects of virus and 
mycoplasma-like organism infection on green and white ash. 
Phytopathology 79: 579–583.
Friess, N, and Maillet, J. 1996. Influence of Cucumber mosaic virus in-
fection on the intraspecific competitive ability and fitness of 
Purslane (Portulaca oleracea). New Phytologist 132: 103–111.
Fuchs, M, Chirco, EM, McFerson, JR, and Gonsalves, D. 2004. Com-
parative fitness of wild squash species and three generations of 
hybrids between wild x virus-resistant transgenic squash. Envi-
ronmental Biosafety and Research 3: 17–28.
Fuchs, M, and Gonsalves, D. 1995. Resistance of transgenic squash 
Pavo ZW-20 expressing the coat protein genes of Zucchini yellow 
mosaic virus and Watermelon mosaic virus 2 to mixed infections 
by both potyviruses. Bio/Technology 13: 1466–1473.
Fuchs, M, and Gonsalves, D. 1999. Risk assessment of gene flow 
from a virus-resistant transgenic squash into a wild relative. In: 
Ammann, K, Jacot, Y, Simonsen, V, and Kjellsson, G, eds. Meth-
ods for risk assessment of transgenic plants. III. Ecological risks and 
prospects of transgenic plants. Basel, Switzerland: Birkhaeuser 
Verlag, 141–143.
Gianessi, LP, Silvers, CS, Sankula, S, and Carpenter JE. 2002. Plant 
biotechnology: Current and potential impact for improving pest man-
agement in U.S. agriculture an analysis of 40 case studies. Washing-
ton, DC, USA: National Center for Food and Agricultural Policy.
Godfree, RC, Thrall, PH, and Young, AG. 2007. Enemy release af-
ter introduction of disease-resistant genotypes into plant-patho-
gen systems. Proceedings of the National Academy of Sciences, USA 
107: 2756–2760.
Holmes, JC. 1982. Impact of infectious disease agents on the popu-
lation growth and geographical distribution of animals. In: An-
derson, RM, and May, RM, eds. Population biology of infectious 
diseases. Berlin, Germany: Springer-Verlag, 1–314.
Jarosz, AM, and Burdon, JJ. 1992. Host–pathogen interactions in nat-
ural populations of Linum marginale and Melampsora lini. Oecolo-
gia 89: 53–61.
Jarosz, AM, and Davelos, AL. 1995. Effects of disease in wild plant 
populations and the evolution of pathogen aggressiveness. New 
Phytologist 129: 371–387.
Kawakami, K, Fuji, S-I, and Miyoshi, K. 2007. Endangered wild pop-
ulations of endemic Calanthe orchids on an isolated Japanese is-
land tested for viruses. Australian Journal of Botany 55: 831–836.
Kolb, A. 2011. Differential effects of herbivory and pathogen infesta-
tion. Plant Ecology 213: 315–326.
Kollmann, J, Bañuelos, MJ, and Nielsen, SL. 2007. Effects of virus 
infection on growth of the invasive alien Impatiens glandulifera. 
Preslia 79: 33–44.
de Kroon, H, Plaisier, A, van Groenendael, J, Caswell, H. 1986. Elas-
ticity: The relative contribution of demographic parameters to 
population growth rate. Ecology 67: 1427–1431.
Laughlin, KD, Power, AG, Snow, AA, and Spencer, LJ. 2009. Risk as-
sessment of genetically engineered crops: Fitness effects of vi-
rus-resistance transgenes in wild Cucurbita pepo. Ecological Appli-
cations 19: 1091–1101.
Lecoq, H, Wisler, G, and Pitrat, M. 1998. Cucurbit viruses: The clas-
sic and the emerging. In: McCreight, JD, ed. Cucurbitaceae ’98: 
Evaluation and enhancement of cucurbit germplasm. Alexandria, 
VA, USA: ASHS Press, 126–142.
Levin, L, Caswell, H, Bridges, T, DiBacco, C, Cabrera, D, and Plaia, 
G. 1996. Demographic responses of estuarine polychaetes to pol-
lutants: Life table response experiments. Ecological Applications 6: 
1295–1313.
MacClement, WD, and Richards, MG. 1956. Virus in wild plants. Ca-
nadian Journal of Botany 34: 793–799.
Malmstrom, CM, Hughes, CC, Newton, LA, and Stoner, CJ. 2005. 
Virus infection in remnant native bunchgrasses from invaded 
California grasslands. New Phytologist 168: 217–230.
Malmstrom, CM, Stoner, CJ, Brandenburg, S, and Newton, LA. 
2006. Virus infection and grazing exert counteracting influences 
on survivorship of native bunchgrass seedlings competing with 
invasive exotics. Journal of Ecology 94: 264–275.
Maskell, LC, Raybould, AF, Cooper, JI, Edwards, M-L, and Gray, AJ. 
1999. Effects of turnip mosaic virus and turnip yellow mosaic vi-
rus on the survival, growth, and reproduction of wild cabbage 
(Brassica oleracea). Annals of Applied Biology 135: 401–407.
Milligan, KLD, and Cosper, EM. 1994. Isolation of virus capable of 
lysing the brown tide microalga, Aureococcus anphagefferens. Sci-
ence 266: 805–807.
van Mölken, T, and Stuefer, JF. 2011. The potential of plant viruses 
to promote genotypic diversity via genotype x environment in-
teractions. Annals of Botany 107: 1391–1397.
E f f E c t s  o f  v i r u s  o n  p l a n t  f E c u n d i t y  a n d  p o p u l a t i o n  d y n a m i c s   1355
Muthukumar, V, Melcher, U, Pierce, M, Wiley, GB, Roe, BA, Palmer, 
MW, Thapa, V, Ali, A, and Ding, T. 2009. Non-cultivated plants 
of the Tallgrass Prairie Preserve of northeastern Oklahoma fre-
quently contain virus-like sequences in particulate fractions. Vi-
rus Research 141: 169–173.
National Climatic Data Center. 2009. Climatological data annual sum-
mary: Mississippi, vol. 114 (4–6). National Climatic Data Center, 
US Department of Commerce, Washington, DC, USA. [WWW 
document] URL http://www7. ncdc.noaa.gov/IPS/cd/cd.html 
[accessed 11 August 2013].
Pagán, I, Alonso-Blanco, C, and García-Arenal, F. 2007. The relation-
ship of within-host multiplication and virulence in a plant-virus 
system. PLoS ONE 2: e786.
Pagán, I, Alonso-Blanco, C, and García-Arenal, F. 2008. Host re-
sponses in life-history traits and tolerance to virus infection in 
Arabidopsis thaliana. PLoS Pathogens 4: e1000124.
Pallett, DW, Thurston, MI, Cortina-Borja, M, Edwards, M-L, Alexan-
der, M, Mitchell, E, Raybould, AF, and Cooper, JI. 2002. The in-
cidence of viruses in wild Brassica rapa ssp. sylvestris in southern 
England. Annals of Applied Biology 141: 163–170.
Palukaitis, P, Roossinck, MJ, Dietzgen, RG, and Francki, RIB. 1992. 
Cucumber mosaic virus. In: Maramorosch, K, Murphy, F, and 
Shatkin, A, eds. Advances in virus research. San Diego, CA, USA: 
Academic Press, 281–348.
Pilson, D, and Prendeville, HR. 2004. Ecological effects of transgenic 
crops and the escape of transgenes into wild populations. An-
nual Review in Ecology, Evolution, and Systematics 35: 149–174.
Prendeville, HR, and Pilson, D. 2009. Transgenic virus resistance in 
cultivated squash affects pollinator behaviour. Journal of Applied 
Ecology 46: 1088–1096.
Prendeville, HR, Ye, X, Morris, TJ, and Pilson, D. 2012. Virus infec-
tions in wild plant populations are both frequent and often un-
apparent. American Journal of Botany 99: 1033–1042.
Provvidenti, R, Robinson, RW, and Munger, HM. 1978. Resistance 
in feral species to six viruses infecting Cucurbita. Plant Disease 
Reporter 63: 326–329.
Quemada, H, Strehlow, L, Decker-Walters, DS, and Staub JE. 2008. 
Population size and incidence of virus infection in free-living 
populations of Cucurbita pepo. Environmental Biosafety Research 7: 
185–196.
R Development Core Team. 2012. R: A language and environment for 
statistical computing. Vienna, Austria: R Foundation for Statis-
tical Computing. ISBN 3-900051-07-0, [WWWdocument] URL 
http://www.R-project.org/ [accessed 6 January 2014].
Raybould, AF, Alexander, MJ, Mitchell, E, Thurston, MI, Pallett, 
DW, Hunter, P, Walsh, JA, Edwards, M-L, Jones, AME, Moyes, 
CL, et al. 2001. The ecology of turnip mosaic virus in wild popu-
lations of Brassica species. In: Hails, RS, Beringer, JE, Charles, H, 
Godfray, J, eds. Genes in the environment: 15th Special Symposium 
of the British Ecological Society. Oxford, UK: Cambridge Univer-
sity Press, 226–244.
Remold, SK. 2002. Unapparent virus infection and host fitness in 
three weedy grass species. Journal of Ecology 90: 967–977.
Rizzo, DM, and Garbelotto, M. 2003. Sudden oak death: Endanger-
ing California and Oregon forest ecosystems. Frontiers in Ecology 
and the Environment 1: 197–204.
Roberts, DA. 1983. Acquired resistance to tobacco mosaic virus 
transmitted to the progeny of hypersensitive tobacco. Virology 
124: 161–163.
Roossinck, MJ. 2011. The good viruses: Viral mutualistic symbioses. 
Nature Reviews Microbiology 9: 99–108.
Roossinck, MJ. 2012. Persistent plant viruses: Molecular hitchhik-
ers or epigenetic elements? In: Witzany G, ed. Viruses: Essential 
Agents of Life. Dordrecht, Netherlands: Springer, 177–186.
Roossinck, MJ. 2013. Plant virus ecology. PLoS Pathogens 9: e1003304.
Roossinck, MJ, Saha, P, Wiley, GB, Quan, J, White, JD, Lai, H, Cha-
varría, F, Shen, G, and Roe, BA. 2010. Ecogenomics: Using mas-
sively parallel pyrosequencing to understand virus ecology. Mo-
lecular Ecology 19: 81–88.
Rowell, B, Nesmith, W, and Snyder, JC. 1999. Yields and disease re-
sistance of fall-harvested transgenic and conventional summer 
squash in Kentucky. HorTechnology 9: 282–288.
Saikkonen, K, Faeth, SH, Helander, M, and Sullivan, TJ. 1998. Fun-
gal endophytypes: A continuum of interaction with host plants. 
Annual Review of Ecology and Systematics 29: 319–343.
SAS. 2010. SAS 9.3 for Windows. Cary, NC, USA: SAS Institute Inc.
Sasu, MA, Ferrari, MJ, Du, D, Winsor, JA, and Stephenson, AG. 
2009. Indirect costs of a nontarget pathogen mitigate the direct 
benefits of a virus-resistant transgene in wild Cucurbita. Proceed-
ings of the National Academy of Sciences, USA 106: 19067–19071.
Shattuck, VI. 1993. Glucosinolates and glucosinolate degradation 
in seeds from turnip mosaic virus–infected rapid cycle Brassica 
campestris L. plants. Journal of Experimental Botany 44: 963–970.
Simmons, HE, Holmes, EC, Gildow, FE, Bothe-Goralczyk, MA, and 
Stephenson, AG. 2011. Experimental verification of seed trans-
mission of Zucchini yellow mosaic virus. Plant Disease 95: 751–754.
Sokal, RR, and Rohlf, FJ. 1995. Biometry the principals and practice 
of statistics in biological research, 3rd ed. New York, USA: W. H. 
Freeman Co.
Thrall, PH, and Burdon, JJ. 1997. Host pathogen dynamics in a meta-
population context: The ecological consequences of being spa-
tial. Journal of Ecology 85: 743–753.
Thurston, MI, Pallett, DW, Cortina-Borja, M, Edwards, M-L, Ray-
bould, AF, and Cooper, JI. 2001. The incidence of viruses in 
wild Brassica nigra in Dorset (UK). Annals of Applied Biology 139: 
277–284.
Ullman, DE, Cho, JJ, and German, TL. 1991. Occurrence and distri-
bution of cucurbit viruses in the Hawaiian Islands. Plant Disease 
75: 367–370.
USDA/APHIS. 1994. Determination of nonregulated status for ZW-20 
Squash, USDA Petition. Documents on deregulation of the squash 
transformants ZW-20. [WWW document] URL http://www.
aphis.usda.gov/brs/aphisdocs2/ 92_20401p_com.pdf [accessed 
on 11 August 2013].
Vidhyasekaran, P. 2002. Bacterial disease resistance in plants: Molecular 
biology and biotechnological applications. Binghamton, NY, USA: 
The Haworth Press.
Walkey, D. 1991. Applied plant virology. London, UK: Chapman and Hall.
Wilson, HD. 1990. Gene flow in squash species: Domesticated Cu-
curbita species may not represent closed genetic systems. BioSci-
ence 40: 449–455.
Wilson, HD. 1993. Free-living Cucurbita pepo in the United States: Vi-
ral resistance, gene flow, and risk assessment. Hyattsville, MD, USA: 
USDA Animal and Plant Health Inspection Service.
Wosula, EN, Davis, JA, Clark, CA, Smith, TP, Arancibia, RA, 
Musser, FR, and Reed, JT. 2013. The role of aphid abundance, 
species diversity, and virus titer in the spread of sweet potato 
potyvirus in Louisiana and Mississippi. Plant Disease 97: 53–61.
Xie, WS, Antoniw, JF, White, RF, and Jolliffee, TH. 1994. Effects of 
beet cryptic virus infection on sugar beet in field trials. Annals of 
Applied Botany 124: 451–459.
Xu, P, Chen, F, Mannas, JP, Feldman, T, Sumner, LW, and 
Roossinck, MJ. 2008. Virus infection improves drought toler-
ance. New Phytologist 180: 911–921.
Zettler, FW, Hennen, GR, Bodnaruk, WH, Jr, Clifford, HT, and Shee-
han, TJ. 1978. Wild and cultivated orchids surveyed in Florida 
for the Cymbidium mosaic and Odontoglossum ringspot vi-
ruses. Plant Disease Reporter 62: 949–952. 
1356 p r E n d E v i l l E ,  t E n h u m b E r g ,  a n d  p i l s o n ,  N e w  P h y t o l o g i s t  202 :4  (2014 ) 
Supporting Information (following)
Figure S1  Population growth rates of wild Cucurbita pepo estimated from the literature.
Figure S2  Contributions of life-history traits to λ for each virus treatment, each wild Cucurbita pepo population, and each 
population × virus treatment combination.
Figure S3  Stable stage distribution indicates the proportion of wild Cucurbita pepo population in each stage with each virus 
treatment.
Figure S4  Sensitivity values for each matrix element by each wild Cucurbita pepo population and virus treatment.
Figure S5  Sensitivity values for each life-history trait by wild Cucurbita pepo population and virus treatment.
Figure S6  Elasticity values of demographic transitions for each wild Cucurbita pepo population and virus treatment combination.
Figure S7  Elasticity values for each life-history trait for each wild Cucurbita pepo population and virus treatment.
Table S1  Demographic matrix for each wild Cucurbita pepo population and virus treatment used to estimate population growth 
rate
Table S2  Results of randomization tests comparing population growth rates between virus treatments within each population, 
and populations within each virus treatment
Notes S1  Population growth rates of wild Cucurbita pepo estimated from the literature.
Notes S2  2007 Common garden experiment – perturbation analysis.
 1 








We complied census data of wild Cucurbita pepo populations from the literature (Quemada et 
al., 2008; Prendeville et al., 2012) to determine if populations growth rates from wild 
populations are comparable to those calculated from our deterministic matrix model that was 
parameterized with data from a common garden experiment. Using census data of wild C. pepo 
populations, we estimated population growth rates by dividing the number of wild C. pepo plants 
in year t-1 by the number in year t. This method was used to estimate population growth rates for 
14 wild C. pepo populations that were each monitored over 2-4 growing seasons. Population 
sizes were estimated in 2004-2007 for populations in Mississippi near the towns of Eagle Lake 
(Eagle), Vaiden, Onward, Yazoo City (Yazoo), and Fitler (Prendeville et al., 2012) and in 2000-




Population growth rates ranged from 0-6, with an average of 1.35 and a median of 0.6. Seeds and 
gourds from three of these 14 populations (Onward, Eagle, Vaiden) were used in the common 
garden experiments presented here. In these three populations λ ranged from 0-6, with an 
average λ=1.78 and a median λ=1.45. In many years, virus was present in these populations and 
virus prevalence ranged from 11-53% of the population when present (Quemada et al., 2008; 
Prendeville et al., 2012). As a disturbance specialist with a gourd bank and seedbank, wild C. 
pepo goes through boom and bust cycles as illustrated here (Figure S1).
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Figure S1. Population growth rates of wild Cucurbita pepo estimated from published population 
counts (a) Prendeville et al., 2012 and (b) Quemada et al., 2008. Population identification 
coincides with publications. No bars indicate the λ was zero (i.e. extinction) and ‘x’ indicates the 
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2007 Common garden experiment-Perturbation analysis 
Methods 
 
Randomization tests. To evaluate differences in population growth rate, λ, between virus 
treatments within each population, we used randomization tests (Sokal & Rohlf, 1995; Caswell, 
2001). Using data from the two groups being compared (e.g. CMV-inoculated vs. uninoculated 
within a population), we permutated data 5000 times. For each permutation, we constructed two 
new matrices, calculated the associated λ-values, and computed the test statistic ! = !(!) −!(!) , where A and B indicate the permutated matrices. Then, we calculated the probability that 
the observed difference in population growth rate between the two groups is significant using the 
following formula: ! ≥ !!"# !! = (# ! ! ≥ !!"# + 1)/(5000+ 1), where H0 is the null 
hypothesis, and (# ! ! ≥ !!"# ) indicates the number of times the difference in λ-values of a 
permutated data set was larger than the observed difference in λ-values. 
 
Contributions to observed differences in λ among virus-inoculated treatments compared to 
uninoculated plants within each population. We conducted life table response experiments to 
quantify the contribution of each life history transition and trait to observed differences in 
population growth rate among virus treatments within a population. Let !! be the population 
matrix associated with a virus treatment in a particular population, with entries !!"!, and let !! be 
the population matrix associated with uninoculated plants from the same population, which we 
used as the reference matrix. The difference between the λs of the virus treatment (λm) and the 
reference matrix (λr) is !! − !! = !!. Following the contribution of life history transitions to 
differences in population growth rate between inoculated and uninoculated plants is estimated 
by: !! = (!!"! − !!"! ) !"!!!" !!(!!!!!)!  and the contribution of the lower-level parameter (!)! to 
differences in population growth rate between inoculated and uninoculated plants is estimated 
by: !! = (!!! − !!!) !"!!!" !!(!!!!!)! . 
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Contributions to observed differences in λ among virus-inoculated treatments compared to 
uninoculated plants averaged over all populations. We conducted life table response 
experiments (LTREs) to quantify the contribution of each life history trait (lower-level 
parameter) to observed differences in λ among populations, virus treatments, and 
population*virus combinations (Caswell, 1996; 2001; Levin et al., 1996). Let !(!") be the 
population matrix associated with virus treatment and population combination ij, and let !!"!!"#$%∙ be the reference matrix, no virus treatment averaged over all populations. The 
difference in ! between the population*virus treatment combination and the reference matrix is: !!" = !(!"!!"#$%∙) + !! + !! + !"!", where !!(virus) and !! (population) are the treatment main 
effects and !"!" are the interaction effects. Following Caswell (1996), the contribution of the 
lower-level parameter !!!"  to differences in ! among virus treatments, populations, and 
virus*population combinations are estimated by: !(!) = !!(!∙) − !!(!"!!"#$%∙) !"!!! !!(!!∙!!!!!!"#$%∙)! , !(!) = !!(∙!) − !!(!"!!"#$%∙) !"!!! !!(!∙!!!!"!!"#$%∙)! , and !"(!) = !!(!") − !!(!"!!"#$%∙) !"!!! !!(!!"!!!"!!"!"#∙)! , respectively. 
All calculations and analyses of population growth rates were completed using the R software 
version 2.15.1 (R Development Core Team, 2012). 
 
Additional perturbation analyses 
Stable stage distribution. We calculated the stable stage distribution to determine if the stable 
stage structure differs among populations and virus treatments. Stable stage distribution is the 
eigenvector corresponding to the dominant eigenvalue.  
 
Effects of changes in life history transitions and traits on future λs. To examine the effect of 
changes in life history transitions and traits on future population growth, we conducted 
perturbation analyses. We evaluated the sensitivity of λ to additive, infinitesimal small changes 
in each life history transition (prospective analysis, Caswell, 2001). Sensitivity (S) is the local 
slope of the asymptotic population growth rate, λ, as a function of a matrix element, !!" , holding 
 5 
all other parameters constant, ! = !"!!!". Sensitivity quantifies the dependence of λ on the matrix 
element in order to understand how small changes in life history traits due to abiotic and biotic 
factors may affect the growth of a population. Since each matrix element is composed of a 
number of life history traits (see Modeling; Table 1), we also conducted lower level sensitivity 
analyses (LLS). LLS determines the effect of an infinitesimal small, additive change in a 
parameter, x, on !!, !!" = !"!!!"!,! !!"!" . In addition, we calculated elasticity matrices, E, to 
examine the effect of a small proportional change in each demographic transition on (!!") on !:  ! = (!!"! !"!!!") (de Kroon et al., 1986; Caswell, 2001, p. 226). We calculated lower level 
elasticities (LLE) to determine the effect on the population growth rate to proportional change in 
each life history trait, x. LLE is !! !"!"  do not sum to 1 since ! is not expected to be a 




Demographic matrices for each wild C. pepo population and virus treatment (Table S1).  
 
Randomization tests. See Main Manuscript (Fig. 2a-c and Table S2a,b). 
 
Life table response experiments 
Contributions to observed differences in λ among virus-inoculated treatments compared to 
uninoculated plants for each population. See Main Manuscript (Fig. 2d-i). 
 
Contributions to observed differences in λ  among virus treatments compared to 
uninoculated plants averaged over all populations. 
Main effect of virus infection – The number of gourds per plant (g) and average seeds per gourd 
(s) both contributed to the differences in the λ between CMV-inoculated plants and both 
uninoculated and ZYMV-inoculated plants (Fig. S2a).  
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Main effect of population – Although the λ of the Eagle population was lower than in either the 
Onward or Vaiden populations, the life history traits that contributed to these differences were 
not the same. In particular, the λs of the Eagle and Vaiden populations differed because 
germination of <1-year old seeds (b0), number of gourds per plant (g), number of seeds per gourd 
(s), and dormant seeds (d) contributed differently to λs (Fig. S2b). For example, relative to the 
average matrix, the number of gourds per plant (g) reduced the λ of the Eagle population, but 
increased the λ of the Vaiden population. In contrast, the λs of the Eagle and Onward 
populations differed because germination of <1-year old seeds (b0), the probability of surviving 
to flower (f), and dormant seeds (d) contributed differently to λ.  In addition, although the λs of 
the Onward and Vaiden populations do not differ from one another, the probability that new 
seeds germinate (b0), the probability that seedlings survive to flower (f), the number of gourds 
per plant (g), the number of seeds per gourd (s), and the probability a seed remains dormant (d) 
all contribute differently to λ (although the magnitude these contributions varies among life 
history traits; Fig. S7b). For example, relative to the average matrix the number of seeds per 
gourd has a greater contribution to the λ of the Onward population in comparison to Vaiden.   
 
Effect of virus*population interaction – The contributions of the number of gourds per plant (g), 
number of seeds per gourd (s), and germination <1-year old seeds (b0) to λ depended on 
particular combinations of virus treatment and population, over and above the effect of either 
virus treatment or population alone (Fig. S2c). For example, in addition to the main effects of 
virus and population, the number of gourds per plant contributed to lower λ in Eagle plants 
regardless of virus treatment, lower λ in Onward plants inoculated with CMV and ZYMV, lower 
λ in Vaiden plants inoculated with CMV, but higher λ in uninoculated Vaiden plants and Vaiden 
plants inoculated with ZYMV (Fig. S2c). 
 
Additional perturbation analyses 
Stable stage distribution. The stable stage structure differs among populations (Fig. S3). At the 
stable age distribution the Vaiden population contains very few seeds, which is likely the result 
of high germination and low dormancy in this population. Inoculation with virus had very little 
effect on the stable age distribution (Fig. S3).  
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Effects of changes in demographic transitions on future λ . The sensitivity of λ to changes to 
each life history transition varied among populations and virus treatments (Fig. S4). Across all 
virus treatments in the Onward and Eagle populations the λ depends on the seedbank-to-adult 
transition and the adult-to-adult transition (Fig. S4a,b). However, for the Vaiden population 
across all virus treatments the λ primarily depends on the adult-to-adult transition (Fig. S4c).  
 
Sensitivity of λ to perturbations in most life history traits differed among populations and slightly 
varied among virus treatments (Fig. S5). For all populations and virus treatments, changes in the 
λ were most sensitive to in the probability a gourd opens (o0) and germination of new seeds (b0). 
Interestingly, λ was not sensitive to additive changes in the average number of gourds per plant 
(g), average number of seeds per gourd (s), or gourd viability (v; Fig. S5).  
 
Elasticity analyses indicated that the effect of potential changes in demographic transitions on 
future λ differs among populations and varies slightly in magnitude among virus treatments (Fig. 
S6). In Vaiden, a small perturbation to the adult-to-adult transition has the largest effect on the λ, 
followed by the gourd-to-adult and adult-to-gourd transitions. In Onward, the effect of the adult-
to-adult transition is reduced (relative to Vaiden) and the seed-to-adult, gourd-to-adult, adult-to-
gourd, and seed-to-gourd transitions all have minor effects on λ. Finally, in Eagle, the effect of 
the adult-to-adult transition is reduced even further (relative to Vaiden) and the effects of the 
seed-to-adult, gourd-to-adult, adult-to-gourd, and seed-to-gourd transitions are all larger than in 
Onward. Thus, the effect of transitions to and from dormant stages (i.e. seedbank and gourd 
bank) on potential future λ is greatest in the Eagle population, less in the Onward population, and 
least in the Vaiden population.  
 
Among all populations and virus treatments, elasticity analysis indicates that λ is dependent on 
many lower level parameters (life history traits; Fig. S7). In particular, λ is dependent on those 
life history traits used to estimate the probability an adult produces a new adult in the next year. 
Although λ did not differ between virus treatments in Eagle, elasticities for many lower level 
parameters differed between uninoculated and virus-inoculated treatments.
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Table S1. Demographic matrix for each wild Cucurbita pepo population ((a, d, g): Onward, (b, e, 
h): Eagle, (c, f, i): Vaiden) and virus treatment ((a-c): No: uninoculated plants, (d-f): CMV: 
plants inoculated with Cucumber mosaic virus, (g-i): ZYMV: plants inoculated with Zucchini 
yellow mosaic virus) used to estimate population growth rate.  
 
 (a) No (d) CMV  (g) ZYMV 
  
  Gourd Seed Adult     Gourd Seed Adult     Gourd Seed Adult 
Gourd 0.154 . 2.84   Gourd 0.154 . 2.08   Gourd 0.154 . 1.80 
Seed 0.118 0.160 4.56   Seed 0.094 0.160 2.67   Seed 0.106 0.160 2.62 
Adult 0.162 0.220 2.80   Adult 0.129 0.220 1.64   Adult 0.146 0.220 1.61 
 (b)         (e)          (h)         
  
  Gourd Seed Adult     Gourd Seed Adult     Gourd Seed Adult 
Gourd 0.154 . 1.98   Gourd 0.154 . 1.57   Gourd 0.154 . 2.10 
Seed 0.079 0.090 2.13   Seed 0.066 0.090 1.42   Seed 0.078 0.090 2.24 
Adult 0.136 0.160 0.677   Adult 0.114 0.160 0.45   Adult 0.134 0.160 0.71 
(c)           (f)          (i)         
  
  Gourd Seed Adult !!   Gourd Seed Adult     Gourd Seed Adult 
Gourd 0.154 . 3.20   Gourd 0.154 . 1.87   Gourd 0.154 . 4.83 
Seed 0.004 0.010 0.17   Seed 0.004 0.009 0.09   Seed 0.004 0.010 0.27 























Table S2. Results of randomization tests comparing population growth rates (λ) between (a) 
virus treatments (No: uninoculated plants, CMV: plants inoculated with Cucumber mosaic virus, 
and ZYMV: plants inoculated with Zucchini yellow mosaic virus) within each population, and 
(b) populations (Onward, Eagle, Vaiden) within each virus treatment.  
 
(a) No  Onward-Eagle 0.021 (b) Onward No-CMV 0.244 
    Onward-Vaiden 0.595     No-ZYMV 1.000 
    Eagle-Vaiden 0.151     CMV-ZYMV 0.152 
  CMV Onward-Eagle 0.048   Eagle No-CMV 0.744 
    Onward-Vaiden 0.355     No-ZYMV 0.966 
    Eagle-Vaiden 0.402     CMV-ZYMV 0.715 
  ZYMV Onward-Eagle 0.013   Vaiden No-CMV 0.126 
    Onward-Vaiden 0.731     No-ZYMV 0.062 





















Figure S2. Contributions of life history traits (abbreviations in Fig. 1c) to λ for (a) each virus 
treatment (No: uninoculated plants, CMV: plants inoculated with Cucumber mosaic virus, and 
ZYMV: plants inoculated with Zucchini yellow mosaic virus), (b) each wild Cucurbita pepo 
population (Onward, Eagle, and Vaiden), and (c) each population*virus treatment combination. 
Note: contributions to differences in λ can only be estimated for parameters that differ among 
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Figure S3. Stable stage distribution indicates the proportion of wild Cucurbita pepo population 
(Onward, Eagle, and Vaiden) in each stage (A: adult, S: seedbank, G: gourd bank) with each 
virus treatment (No: uninoculated plants, CMV: plants inoculated with Cucumber mosaic virus, 
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Figure S4. Sensitivity values for each matrix element by each wild Cucurbita pepo population: 
(a) Onward, (b) Eagle, and (c) Vaiden and virus treatment (No: uninoculated plants, CMV: 
plants inoculated with Cucumber mosaic virus, and ZYMV: plants inoculated with Zucchini 
yellow mosaic virus). Life history transitions are presented in Figs 1a,b.  











































Figure S5. Sensitivity values for each life history trait (abbreviations in Fig. 1c) by wild 
Cucurbita pepo population: (a) Onward, (b) Eagle, and (c) Vaiden and virus treatment (No: 
uninoculated plants, CMV: plants inoculated with Cucumber mosaic virus, and ZYMV: plants 











































Figure S6. Elasticity values of demographic transitions (i.e. matrix transition elements) for each 
wild Cucurbita pepo population (Onward, Eagle, and Vaiden) and virus treatment combination 
(No: uninoculated plants, CMV: plants inoculated with Cucumber mosaic virus, and ZYMV: 
plants inoculated with Zucchini yellow mosaic virus). Life history transitions are represented by 
AA: adult produces an adult; SA: seed in seedbank develops into adult; GA: gourd in gourd bank 
opens to form an adult; AS: adult produces a gourd that opens and seed enters seedbank; SS: 
seed remains in seedbank; GS: gourd in gourd bank opens and seed enters seedbank; AG: adult 
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Figure S7. Elasticity values for each life history trait (abbreviations in Fig. 1c) for each wild 
Cucurbita pepo population: (a) Onward, (b) Eagle, (c) Vaiden and virus treatment (No: 
uninoculated plants, CMV: plants inoculated with Cucumber mosaic virus, and ZYMV: plants 
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